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7 as the control injection. All animal experiments and handling proceeded under the permission of the Animal Care and Use Committees of AIST (Permission #2009-020) and Kyushu University.
Microarray analysis
To examine which PPARα-regulated genes in mice are expressed in a CLOCK-dependent manner, we performed oligonucleotide microarray analyses at ZT14 when CLOCK/BMAL1 transcriptional activity is maximal (Oishi et al., 2003) , using RNA isolated from wild-type (n = 3), Clock mutant (n = 3) and PPARα-null bezafibrate-treated (n = 3) and control wild-type (n = 3) Mice. Total RNA (250 ng) was extracted from livers that were frozen in liquid nitrogen using RNAiso (Takara Bio Inc., Otsu, Japan). The quality was analyzed using an Agilent 2100 bioanalyzer.
Hybridizations to Affymetrix GeneChip (Mouse Genome 430 2.0 Array) arrays were performed following the GeneChip 3'IVT Express Kit User Manual. Data at the probe level (CEL files) were deposited to the obtained using Affymetrix GCOS software. All microarray data were submitted to the Gene Expression Omnibus (GEO; Barrett et al., 2009 ) at the National Center for Biotechnology Information (NCBI) under the accession number of GSE20513.
Probe level data were processed using the robust multi-array analysis (RMA) algorithm (Irizarry et al., 2003) to obtain data at the expression level. All statistical analysis was performed using R (ver. 2.9.2) and Bioconductor (Gentleman et al., 2004) . (four groups with three replicates). We applied three criteria to the selection of putative PPARα-regulated genes that are expressed in a CLOCK-dependent manner in the liver:
(i) Wild-type (control) < Wild-type (bezafibrate), (ii) PPARα-null (bezafibrate) < Wild-type (bezafibrate), and (iii) Clock mutant (bezafibrate) < Wild-type (bezafibrate).
We used the Rank products method to detect genes exhibiting each of the three conditions (Breitling et al., 2004) . This follows a recent guideline (Rank products can produce the best gene ranking for RMA-preprocessed data) for obtaining differentially expressed genes with high sensitivity and specificity (Kadota et al., 2008; Kadota et al., 2009 ).
RT-PCR analysis
Total RNA was extracted using guanidinium thiocyanate followed by RNAiso (Takara Bio Inc., Otsu, Japan) and then digested with DNase I (Applied Biosystems/Ambion, TX, USA). Single-strand cDNA was synthesized using the PrimeScript TM RT reagent kit (Takara Bio inc., Otsu, Japan). Real-time RT-PCR proceeded using the SYBR ® Premix Ex Taq TM II (Takara Bio inc., Otsu, Japan) or THUNDERBIRD (Toyobo Co. Ltd., Osaka, Japan) using a LightCycler TM (Roche Diagnostics, Mannheim, Germany). The reaction conditions were 95°C for 10 s, followed by 45 cycles at 95°C for 5 s at 57°C
for 10 s and 72°C for 10 s. The sequence primer pairs were as follows: mouse PAI-1, 5'-GGACACCCTCAGCATGTTCA -3' and 5'-TCTGATGAGTTCAGCATCCAAGA-3'; mouse β -actin, 5'-CACACCTTCTACAATGAGCTGC-3' and 5'-CATGATCTGGGTC-ATCTTTTCA-3'. The amount of PAI-1mRNA was corrected relative to that of β -actin.
Preparation of primary hepatocyte cultures
Wild-type and Clk/Clk mice were anesthetized with urethane, and the liver cells isolated by sequential perfusion with collagenase were purified by density gradient separation.
Cells were resuspended in hepatocyte maintenance medium (Lonza, Walkersville, USA) and seeded at a density of 2 × 10 5 /well in 24-well tissue culture plates (Nalge Nunc
International KK, Tokyo, Japan). After an attachment period of four hours, the media were changed to Dulbecco's modified Eagle's medium (Sigma) supplemented with insulin and dexamethasone using an HMM SingleQuots kit (Walkersville, USA).
Primary hepatocyte cultures were incubated in the presence or absence of bezafibrate for four hours. Cells were also transfected with PPARα expression constructs. Cells overexpressing PPARα were incubated with bezafibrate for four hours.
Immunoblotting
Nuclear fractions were prepared from primary cultures of both wild-type and Clk/Clk mutant hepatocytes. Fractions containing 20 µg of total protein were resolved by SDS-PAGE and transferred to a polyvinylidene difluoride membrane that was reacted with antibodies against PPARα (Santa Cruz Biotechnology, Santa Cruz, CA), RXRα (Santa Cruz Biotechnology), or ACTIN (Santa Cruz Biotechnology). Specific antigen-antibody complexes were visualized using horseradish peroxidase-conjugated secondary antibodies and Chemi-Lumi One (Nacalai Tesque Inc., Kyoto, Japan).
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Transcription assays
Primary cultures of hepatocytes prepared from wild-type mice were transfected with 10 ng of reporter constructs and 2.0 μ g (total) of expression vectors using Lipofectamine-LTX. To correct for variations in transfection efficiency, 0.1 ng of pRL-TK vector (Promega) was cotransfected in all experiments. The total amount of DNA per well was adjusted by adding the pcDNA 3.1 vector (Invitrogen). Cell extracts were prepared at 48 h after transfection using 200 µl of passive lysis buffer (Promega), and firefly luciferase and Renilla luciferase were assayed by luminometry in 20 μ l portions of the extracts. The ratio of firefly (expressed from reporter construct) to Renilla (expressed from pRL-TK) luciferase activities in each sample served as a measure of normalized luciferase activity. In addition, 48 h after transfection, cells were also treated with 10μM bezafibrate for 4h. Firefly luciferase and Renilla luciferase were assayed as described above.
Chromatin immunoprecipitation (ChIP) assays
Hepatocytes incubated with bezafibrate or vehicle were crosslinked with 4%
formaldehyde in phosphate-buffered saline for 20 min, sonicated on ice and then incubated with antibodies against PPARα (Santa Cruz Biotechnology), CLOCK (Alpha Diagnostic International), and acetyl histone H3 (Upstate, Lake Placid, NY). We amplified DNA isolated from the immunoprecipitates by PCR using the primer pair for the PAI-1 promoter (from bp -252 to -32): 5'-ACCGACCAGCCAAAG-3' and 5'-AGATGTGAGCCGGAAA-3'. The quantitative reliability of PCR was evaluated as described above. Chromatin immunoprecipitation proceeded in the absence of antibody or in the presence of rabbit IgG as negative controls. Ethidium bromide staining did not detect PCR products from these samples.
dehydrogenase kinase 4 (Oishi et al., 2008) and fibroblast growth factor 21 (Lundåsen et al., 2007) was also elevated by bezafibrate (Supplemental data 1), but this induction was not attenuated in Clk/Clk mice. These data suggest that the Clock mutation does not always attenuate the bezafibrate-induced expression of PPARα target genes.
Clock gene mutation attenuates bezafibrate-induced expression of the PAI-1 gene in primary cultures of hepatocytes
Consistent with the observations in vivo, a 4-h incubation with > 10 μ M bezafibrate caused a significant and dose-dependent induction of PAI-1 mRNA expression in primary cultures of wild-type hepatocytes (P < 0.05; Fig. 2A )
, but not in those of
Clk/Clk hepatocytes where PAI-1 mRNA expression was significantly lower (P < 0.05).
As CLOCK is a positive regulator of the PPARα gene, Clk/Clk mice express low levels of PPARα mRNA (Oishi et al., 2005 PAI-1 gene luciferase reporter constructs (PAI-1-Luc) that contain both PPRE and an E-box (Fig. 3A) . Incubating wild-type PAI-1-Luc-transfected cells with 10 μ M bezafibrate caused a 5.6-fold increase in promoter activity (Fig. 3B ), but this was attenuated by a mutation of either PPRE or the E-box, suggesting that both elements are essential for the bezafibrate-induced PAI-1 expression.
Cotransfection of wild-type PAI-1-Luc with PPARα/RXRα and CLOCK/BMAL1 resulted in a 6-fold and 5.5-fold increase in promoter activity, respectively (Fig. 3C ).
Transcriptional activity was synergistically enhanced by cotransfection with PPARα/RXRα and CLOCK/BMAL1 expression constructs. CLOCK/BMAL1 caused a 6.8-fold increase in PPARα/RXRα-mediated transactivation of the PAI-1 promoter.
However, PPARα/RXRα-mediated transactivation was not enhanced in cells cotransfected with CLOCK∆19 and BMAL1 (Fig. 3C ). Bezafibrate-induced transactivation ( Fig. 3B ) was obviously enhanced in cells transfected with CLOCK/BMAL1 as well as PPARα/RXRα (Fig. 3D ). Similar synergistic effect of CLOCK/BMAL on the PPARα/RXRα-mediated transactivation of the PAI-1 promoter was also found under the presence of bezafibrate (Fig. 3D ).
Clock gene mutation attenuates bezafibrate-induced acetylation of histone H3 in the PAI-1 gene promoter of primary cultured hepatocytes
The results of the ChIP assays showed that PPARα binding to the PAI-1 gene promoter in wild-type hepatocytes was significantly increased by a 4-h incubation with 10 μ M bezafibrate (P < 0.05; Fig. 4 ). Bezafibrate also enhanced histone H3 acetylation This article has not been copyedited and formatted. The final version may differ from this version. Fig. 4 ). The acetylation of histone H3 in the bezafibrate-treated Clk/Clk hepatocytes was similarly attenuated.
Interaction of CLOCK with PPARα
To obtain further insight into the mechanism of the synergistic effect of CLOCK on
PPARα-induced PAI-1 promoter activity, we explored the notion that CLOCK interacts with PPARα. We confirmed protein-protein interaction between CLOCK and RXRα as We also showed here that bezafibrate-induced PAI-1 mRNA expression was attenuated by a Clock mutation both in vivo and in vitro. Indeed, CLOCK protein is a positive regulator of PAI-1 mRNA expression (Oishi et al., 2006) . Namely, This article has not been copyedited and formatted. The final version may differ from this version. The results of the analysis using a mutated PAI-1 luciferase reporter construct demonstrated that bezafibrate-induced transactivation of the PAI-1 gene was dependent on both PPRE and the E-box. Accordingly, transcriptional factors that regulate PAI-1 promoter activity by binding to these elements are necessary for bezafibrate-induced expression of the mRNA. A recent study suggests a molecular link between PPARα/RXRα-and CLOCK/BMAL1-dependent transcription (Nakamura et al, 2008) . 
